Single crystals of lead zirconium titanate (PZT) are difficult to fabricate. Thus, not all material properties of PZT have been fully characterized. In this paper, the mechanical and electrical properties of a PZT single crystal, which can be assumed to be identical to those of a crystal grain in a polycrystal, have been computed from those of a polycrystalline PZT ceramic by the steepest decent method and multiscale finite element modeling based on crystallographic homogenization method. Crystallographic homogenization enables us to predict macroscopic properties of ceramics taking into account the inhomogeneous microstructure of an aggregate of crystal grains. The crystal morphology of the PZT ceramic was measured by the SEM･EBSD technique, and the result was used in the microscopic finite element model. Then, the mechanical and electrical properties of the crystal grain were derived by the steepest decent method so that its macroscopic properties would correspond to the measured properties of the PZT ceramic. The proposed computational method was applied to barium titanate (BT) and validated by comparison of the computed material properties with known properties of the BT single crystal. Finally, the computed material properties, such as the elastic compliance, and the dielectric and piezoelectric constants, were presented for the PZT single crystal.
Introduction
Advanced piezoelectric materials, such as lead zirconium titanate (PZT: Pb(Zr, Ti)O 3 ) ceramics, have been used in actuators or sensors as a component of various electronic and mechanical devices. An increasingly higher performance is demanded of piezoelectric materials as they are applied to new technological fields such as micro/nano machines. PZT ceramics are composed of many crystal grains with various orientations and shapes. Thus, there is a high potential for improving the macroscopic piezoelectric response through microscopic design of the crystal morphology. However, for crystal morphology design, it is necessary to characterize the material properties of a crystal grain, which can be regarded as a single crystal. Although some PZT single crystals have been fabricated by the flux method (1, 2) , there is no crystal with a high enough quality and large enough dimensions for use in the characterization of material properties. On the other hand, quasi-single crystals of PZT, namely, highly-oriented PZT thin films, have been fabricated by using epitaxial growth technologies, such as the hydrothermal method (3) , sol-gel (4) , chemical vapor deposition (5, 6) and sputtering (7 -9) . However, these can provide only a few material properties, such as the pseudo-piezoelectric strain constants d 33 and d 31 under fixed conditions on a substrate. Thus, not all of the properties of PZT single crystals have been fully characterized.
On the other hand, the multiscale finite element method based on what we have termed a "crystallographic homogenization method" has been proposed in one of our previous studies (10) . We have also predicted the macroscopic behavior of polycrystalline piezoelectric ceramics taking into consideration the crystal morphology at the microscopic scale and we have evaluated the microscopic behavior in response to a macroscopic external load (11, 12) .
Furthermore, the crystal morphology of a polycrystalline barium titanate (BT: BaTiO 3 ) has been observed by SEM (Scanning Electron Microscope), and crystal orientations of grains have been measured by the EBSD (Electron BackScatter Diffraction) technique. The homogenized material properties of a macroscopic structure have been analyzed by introducing SEM･EBSD experimental data into the microscopic structure with the above multiscale finite element method (13) .
In this paper, material properties of a PZT single crystal, which can be assumed to be identical to those of individual crystal grains, are computed from those of a polycrystalline PZT ceramic by the experimental SEM･EBSD and multiscale computational techniques. The crystal morphology of the PZT ceramic is measured by the SEM･EBSD technique, and the measurements are used in the microscopic finite element model for multiscale analysis based on crystallographic homogenization method. Then, the crystal grain properties are derived by the steepest decent method to make its macroscopic properties correspond to experimentally measured values for the polycrystalline PZT ceramic. The proposed method is applied to a BT ceramic, and validated by comparison of computed properties with known properties of the BT single crystal. Finally, computed properties, such as elastic compliance, and dielectric and piezoelectric constants, are presented for the PZT single crystal.
Computational method

Multiscale modeling by the crystallographic homogenization method
The coupled field problem of displacement and electric potential between inhomogeneous microstructure and homogeneous macrostructure has been formulated by introducing the crystallographic homogenization method (10) . In this paper, a brief description is presented for the prediction of homogenized macroscopic properties from the microstructure. The microstructure is defined as a small periodic region Y at every point in a macrostructure Ω. The microstructure is described by a representative volume element, and characterized by an inhomogeneous structure composed of crystal grains as shown in Fig. 1 . Let x (= (x 1 , x 2 , x 3 ) T ) be the coordinates of the macrostructure. Then, y (= x/λ = (y 1 , y 2 , y 3 ) T ) be the coordinates defined in the representative volume element of the microstructure. λ is the ratio of the macroscopic representative length to the microscopic representative length, and is thus a very small positive number. In order to obtain multiscale coupled formulations, we consider the overall structure Ω λ ( =Ω×Y ), which is a combined domain between the homogeneous macrostructure Ω and the periodic microstructure Y. From the virtual work equation for the overall structure, we can finally obtain microscopic and macroscopic correlative equations. Here, the homogenized macroscopic properties can be expressed by the following equations:
where
e are the tensors of elastic constants (measured under a constant electrical field E), dielectric constants (measured under a constant strain S), and piezoelectric stress constants, respectively. The superscripts 'macro' and 'micro' denote the homogenized macroscopic properties and the inhomogeneous microscopic properties, respectively. |Y | is the volume of the microstructure. 
where R ij is the transform tensor from the crystallographic coordinate system to the microscopic coordinate system. The material properties
, and pmn e crystal in the crystallographic coordinate system can be regarded as the properties of a single crystal.
We use an isoparametric solid element with 8 nodes at the corners and linear interpolation for displacement and electrical potential in the micro and macro structures. A double-scale finite element analytical code was developed to solve microscopic and macroscopic correlative equations. In the present paper, this code was employed to evaluate the homogenized macroscopic properties of polycrystalline piezoelectric materials on the basis of their inhomogeneous microscopic properties.
Identification of single crystal properties by the steepest decent method
We focus on polycrystalline piezoelectric materials with a perovskite-type tetragonal crystal structure. Each crystal grain is assumed to consist of only one domain with arranged crystallographic direction and to acquire a fully-polarized state as a result of the external electrical load. In addition, we assume that the macroscopic properties of polycrystalline piezoelectric materials are determined by three factors: the orientation, shape and properties of the crystal grains. The orientations and shapes of the crystal grains in a polycrystalline piezoelectric material can be measured by the SEM･EBSD technique, and the measured crystal morphology is used in the microstructure, as shown in Fig. 2 . A regular-division mesh is employed for the microscopic finite element model. Three-dimensional crystal orientations are expressed in terms of the Euler angles (ϕ, θ, ψ), and they are used in integral points of the microscopic finite element model with location compatibility. Then, if the appropriate initial values are inputted into the crystal grain properties, the macroscopic properties of the polycrystalline piezoelectric material can be evaluated by the above-mentioned multiscale analysis based on the crystallographic homogenization method. By focusing on homogenized macroscopic properties outputted from the multiscale analysis, crystal grain (single crystal) properties are derived by the steepest decent method to minimize the error with respect to the experimental values of the polycrystalline piezoelectric material. 
where j c e is the unit vector of the spontaneous polarization c axis at the j-th measurement point, and i y e is the unit vector of the microscopic coordinate y i axis. n is the number of measurement points. If all grains are oriented parallel to the y i axis, the crystal orientation degree becomes 1.0.
To compare with other reference values, engineering matrix forms are employed for the elastic compliance constants and piezoelectric strain constants. They are related to the [101] 1212  1231  1223  1233  1222  1211   3112  3131  3123  3133  3122  3111   2312  2331  2323  2333  2322  2311   3312  3331  3323  3333  3322  3311   2212  2231  2223  2233  2222  2211   1112  1131  1123  1133  1122 (8) [ ] (9) above tensor forms in the following manner. It is assumed that piezoelectric ceramics are polarized by an external electric field in the 3 rd axis of the macroscopic and microscopic coordinate systems, and that they exhibit isotropy between the 1 st and the 2 nd axes in the macroscopic scale. In addition, we consider a tetragonal crystal structure belonging to the 4mm crystal family, and set the direction of the spontaneous polarization to the 3 rd axis of the crystallographic coordinate system. Consequently, the material properties of piezoelectric ceramics in the macroscopic coordinate system and those of crystal grains in the crystallographic coordinate system both consist of 6 elastic compliance constants ( 
where δ ik is Kronecker's delta.
The flowchart of the characterization of crystal grain (single crystal) properties is shown in Fig. 3 . First, the appropriate initial values are inputted into the crystal grain properties. We utilize the known single crystal properties of other typical piezoelectric ceramics with the same crystal structure. Next, to improve the convergence of iterative calculations, crystal grain properties are divided into three kinds of material constants: elastic compliance constants For each kind of material constant, an iterative calculation is carried out by local loop 'k', which is interrupted by the following convergence condition 'A': denotes each of the three kinds of material constants of the crystal grain that are updated by the iteration. In addition, the iterative calculation is continued with the global loop 'l' to satisfy the following convergence condition 'B', i.e., the condition accounts for the correlation between the three kinds of material constants:
Verification of computational method using a BT ceramic
SEM･EBSD measurements of the crystal morphology of BT ceramic
To validate the proposed computational method of identifying single crystal properties, the method was applied to a typical piezoelectric BT ceramic, whose single crystal properties have already been measured. A polycrystalline BT specimen was fabricated from BT powder (Furuuchi Chemical Co., BAC-15224A), and its crystal morphology was characterized by SEM･EBSD (Oxford Instruments Co., Link ISIS C.7272) after the specimen was polarized in 160°C silicon oil by a dc electrical field of 20 kV/cm. Figure 4 shows the crystal morphology results obtained by the SEM･EBSD technique. Figure 4 presents the shapes and orientations of crystal grains in the BT ceramic. According to the effective sampling condition obtained in our previous study (13) , the crystal morphology in the 225×225 µm region (number of grains n = 123; average grain size r = 22.9 µm) shown by the white square in Fig. 4 was inputted into the microscopic finite element model. A 36 ×36×1 regular cubic mesh was employed, and the crystal orientation at each measurement point was inputted independently into an integral point in the microscopic finite element model with location compatibility. If the crystal orientation distribution in the sampling region is evaluated on the basis of the crystal orientation degree, the ratio of the crystal orientation degree between the y 1 and y 3 axes is Fig. 4 Crystal morphology of polycrystalline BT ceramic measured by SEM･EBSD. Table 1 . Material properties of single crystals and polycrystalline ceramics. the high orientation along the y 3 axis, which is the direction polarized by the external electric field. Table 1 shows initial values for material properties of a crystal grain (single crystal) used in the microscopic finite element model and objective values for the macroscopic material properties of BT ceramic (polycrystal). Material properties of a lead titanate (PT: PbTiO 3 ) single crystal (14) , which is also a standard piezoelectric ceramic with a perovskite-type crystal structure, were initially inputted into the crystal grain properties. Moreover, Table 1 shows material properties of a BT single crystal (15) to verify the computed values and objective values for macroscopic material properties of a PZT ceramic (polycrystal), which are used in the computations in Section 4.
Computational results for the characterization of a BT single crystal
The BT single crystal properties were characterized to make its macroscopic properties correspond to those of the polycrystalline BT ceramic. Figure 5 shows the error between macroscopic material constants and objective values as a function of the number of iterations. The horizontal axis shows the total number of global and local loops. As compared to the case of (a) the elastic compliance constants, we need more iterations at the first global loop l= 1 to reduce the error in (b) the piezoelectric strain constants and (c) dielectric constants. Computational results indicate that the error in all constants is reduced to within a tolerance of 0.5% at the first global loop even if the correlations among the elastic compliance, piezoelectric strain and dielectric constants are not satisfied. Although there is a slight increase in the error due to updating of the other constants at and after the next global loop, the number of local iterations is smaller than the first global loop to minimize the error in the three kinds of constants. Finally, all of the material constants satisfied the convergence condition at global loop l = 5.
To verify the computed material constants, Fig. 6 plots the error between the computed constants and the known values for the BT single crystal shown in constants approached the correct values with increasing number of iterations. At global loop l = 5, which satisfied the convergence condition, the error in all constants with respect to the correct values was reduced to within 1.5%. These results proved that the proposed method can accurately determine single crystal properties from polycrystalline properties.
Application to a PZT ceramic
The crystal morphology of a PZT ceramic as determined by SEM･EBSD
The unknown material constants of the PZT single crystal were evaluated by the same procedure as that used for the BT ceramic above. A polycrystalline PZT ceramic (Fuji Ceramics Co., C-82) was used; the crystal morphology of the specimen was measured by SEM･EBSD. The crystal morphology in the 12.9×12.9 µm region (number of grains n=125; average grain size r = 1.30 µm) indicated by the white square in Fig. 7 , was inputted into the microscopic finite element model. In the sampling region, the ratio of the crystal orientation degree for the y 1 axis to that for the y 3 axis is 
Computational results for the characterization of the PZT single crystal
In the same manner as in Chapter 3, the material properties of the PT single crystal were inputted into the crystal grain properties. In addition, the material properties of the PZT ceramic tabulated in Table 1 were used as the objective values of macroscopic properties. Figure 8 shows the error between the macroscopic material constants and objective values as a function of the number of iterations. All of the material constants, namely elastic compliance, dielectric and piezoelectric strain constants, showed the same trend as the BT ceramic, and satisfied the convergence condition at global loop l = 5. consistent with the characteristics of the perovskite-type tetragonal crystal structure. Next, we focus on the relation between the material constants of the single crystal and polycrystal. While the derived single crystal properties exhibit a strong anisotropy, material properties of the polycrystalline PZT ceramic in Table 1 
Conclusion
A computational method, which employs the SEM ･ EBSD technique for crystal morphology analysis and the crystallographic homogenization method for evaluation of homogenized macroscopic properties, has been proposed to determine PZT single crystal properties. Verification of the proposed method using a BT ceramic demonstrated that the method can yield single crystal properties with an error of less than 1.5%. The proposed method has also been applied to a PZT ceramic, and the hitherto unknown mechanical and electrical properties of the PZT single crystal were successfully determined.
